Summary. The morphology of spermatozoa bound to the zona pellucida (ZP) of 264 oocytes that had failed to fertilize in 58 in vitro fertilization procedures was studied by light microscopy. The percentage of spermatozoa with normal morphology bound to the ZP (mean 77, range 8\p=n-\100) was significantly higher than in the insemination medium (mean 42, range 2\p=n-\80). The abnormal spermatozoa bound to the ZP had small oval (47%), pyriform (46%), amorphous (5%) and tapering (2%) heads. Other abnormalities of morphology were not observed in ZP-bound spermatozoa. The mean rates of binding to the ZP of spermatozoa with normal morphology (44, 95% confidence limits 42\p=n-\46,number bound/ZP/105/ml inseminated) were much higher than for abnormal spermatozoa with small oval 6\m=.\5 (5\ m=. \ 5\ p=n-\ 7\ m=. \ 6), pyriform 5\ m=. \ 9 (4\ m=. \ 8\ p=n-\ 7\ m=. \ 3), amorphous 1\m=.\0 (0\ m=. \ 5\ p=n-\ 2\ m=. \ 0) and tapering 2\m=.\5 (1\ m=. \ 2\ p=n-\ 5\ m=. \ 3) heads. The morphologically abnormal forms not found on the ZP were infrequent in the insemination medium (tail defects, large oval, round, pin and duplicate heads and cytoplasmic droplets) but upper 95% confidence limits for standardized binding ratios of <60% indicated that these were unlikely to bind to the zona with rates approaching those of normal spermatozoa (standardized binding ratio 180%). A large number of uniformly normal spermatozoa bound to the ZP when the percentage normal morphology in the insemination medium was >40%. The proportions of abnormal spermatozoa on the ZP were significantly correlated with the proportions of abnormal spermatozoa in the insemination medium. Spermatozoon head dimensions were measured with a micrometer in samples from 14 patients. While there were no consistent changes in all samples, the means for head width and area were significantly larger and the ratio of the length to width was smaller for spermatozoa on the ZP than for those in the insemination medium. The head length and ratio of length to width of spermatozoa in samples with good morphology were significantly less than in samples with poor morphology. The percentage of spermatozoa with normal morphology, motility and the ratio of head length to width in the insemination medium were positively correlated with the percentage of spermatozoa with normal morphology bound to the ZP. Logistic regression analysis showed that the diagnosis of tubal infertility and the rate of binding of spermatozoa with normal morphology to the ZP were positively related to fertilization rates in vitro while the rate of binding of spermatozoa with pyriform heads was negatively related. In conclusion, human ZP are highly selective for spermatozoa with normal morphology. The frequency of binding of abnormal spermatozoa to the ZP was mainly dependent on semen quality. Detailed analysis of spermatozoa bound to the ZP should be useful for determining the range of morphology characteristics of spermatozoa with good or poor fertilizing potential.
Introduction
A number of studies on the influence of male factors in human in-vitro fertilization (IVF) have shown that the proportion of spermatozoa with normal morphology is significantly related to fertilization rates (Kruger et al, 1986 (Kruger et al, , 1988a , 1990a Chan et al, 1989; Hinting et al, 1990) . However, the mechanism of this relationship between spermatozoal morphology and fertility is poorly understood.
In vivo, cervical mucus plays a part in the selection of morphologically normal spermatozoa for further migration through the female reproductive tract (Bergman, 1955; Fredricsson & Bjork, 1977;  Moghissi, 1977; Perry et al, 1977; Hanson & Overstreet, 1981; Mortimer et al, 1982; Ragni et al, 1985) . However, this selection by cervical mucus is not effective against all types of abnormal spermatozoa, in particular, spermatozoa with only abnormal heads can penetrate cervical mucus (Fredricsson & Bjork, 1977; Mortimer et al, 1982; Ragni et al, 1985) . Ahlgren et al. (1974) reported that spermatozoa recovered from the ampulla of the oviduct, fimbria or pouch of Douglas had better morphology than those in the semen. Asch (1976) reported that all spermatozoa recovered from the fimbria and pouch of Douglas were without morphological defects. Although it is not clear what the proportion of spermatozoa with normal morphology is at the fertilization site in vivo, it is certain that cervical mucus and possibly other parts of the female genital tract play a significant role in selection of morphologically normal spermatozoa.
Under conditions of IVF, spermatozoa are added directly to culture medium containing the oocytes after the motile spermatozoa have been selected in the laboratory by swim-up or gradientcentrifugation techniques. Although spermatozoa with normal morphology are preferentially selected because they are more likely to be highly motile, there are still large numbers of morpho¬ logically abnormal spermatozoa around the oocyte in the insemination medium (Pousette et al, 1986; Andolz et al, 1987 ; Le Lannou & Blanchard, 1988; . This is particularly true for some male-factor patients who have very poor spermatozoon morphology in the ejaculate . Although most of the patients, producing samples with poor morphology, have low ( < 25%) or zero fertilization rates in vitro, a few whose samples have > 90% morphologically abnormal spermatozoa still have most or all of the oocytes fertilized , 1990a . Therefore, the question arises-can abnormal spermatozoa bind to, penetrate and fertilize human oocytes under in vitro conditions?
Early studies of Soupart & Strong (1974) and Sundstrom (1984) on the interaction between human gametes using scanning and transmission electron microscopy suggested that while a few abnormal spermatozoa could bind to the zona pellucida (ZP), only normal spermatozoa could penetrate the ZP. Sathananthan et al (1986) reported that some abnormal spermatozoa were observed within the ZP. However, the frequencies of normal and abnormal spermatozoa bound to the ZP were not studied in detail because the electron microscopy methods were limited to examining small numbers of oocytes and spermatozoa.
Studying the morphological status of spermatozoa bound to the ZP at the light microscopy level may provide useful information to improve routine assessment of spermatozoon morphology. In the present study, we evaluated the morphology of spermatozoa, bound to the ZP of oocytes which had failed to fertilize in vitro, using light microscopy and measurement of head dimensions. The relationships between the morphology of spermatozoa in the insemination medium and bound on the ZP, spermatozoon-ZP binding rates and fertilization rates have been analysed. (Jeulin et ai, 1986; Liu et ai, 1988) . The morphology of 200 spermatozoa from the insemination medium and all spermatozoa bound to the ZPs were assessed under oil immersion at a magnification of 1000 using bright field illumination. An example of morphology of spermatozoa bound to a ZP is shown in Fig. 1 .
Assessment of spermatozoa morphology was based on the criteria of the World Health Organization (1987) . Each spermatozoon was assigned to one morphological category only with the priority order-head defects, tail defects and midpiece defects: spermatozoa without any defects were classified as normal. A few ( < 3%) spermatozoa bound to the ZP were difficult to score because of damage or because they were seen on edge or were otherwise not lying flat in the plane of focus; these spermatozoa were not counted.
Measurement of head dimensions ofspermatozoa. The width and length of the head of spermatozoa in the insemi¬ nation medium and bound to the zonae from 14 patients were estimated to the nearest 01 µ using an eyepiece micrometer with graduations of 1 µ . The slides used in this study were selected according to the spermatozoal morphology in the insemination medium: 7 had a poor morphology (normal < 25%) and 7 had good morphology (normal > 25%), and there were more than 50 spermatozoa on the zonae. The spermatozoon closest to the centre cross of the micrometer in each field was measured. Fields were changed by moving the slide randomly without repeating measurements on the same spermatozoa. Fifty spermatozoa were assessed in the insemination medium and 50 on the ZP for each patient. The ratio of length to width (length/width) and the area of the enclosing rectangle (length width) of the heads were calculated. Statistical analysis. As the probability of spermatozoa binding to the ZP will follow a Poisson distribution (Aitken & Elton, 1984) , weighted mean rates of binding per ZP of spermatozoa of the different morphological categories per unit concentration inseminated ( 105/ml) and the 95% confidence limits were calculated from the total number of spermatozoa counted on the zonae. Standardized binding ratios were also calculated to demonstrate the relative differences between the binding of the morphological categories based on the possibility that all types of spermatozoa would have an equal chance of binding to the ZP (Armitage & Berry, 1987) . The confidence limits of these ratios were calculated from the expected total number of spermatozoa bound to the zonae. Correlations between spermatozoon characteristics in the insemination medium, ZP binding rates of spermatozoa and fertilization rates in vitro were examined by Spearman (non-parametric) tests. Differences of head dimensions of spermatozoa in the insemination medium and on the ZP were examined by two-way analysis of variance and for those with good and poor morphology in the insemination medium by contrasts between groups in one-way analyses of variance. Comparison of sperm characteristics for patients with no or some oocytes fertilized were performed by (-test. Logistic regression analysis was used to determine which combinations of the tests were independently related to fertilization rate. Statistical tests were performed using the computer package spida (Macquarie University, Sydney, Australia). (Figs 1 and 2) . However, even with the four patients producing samples with the lowest normal morphology in the insemination medium (mean 6, range 2-9%), the per¬ centage of spermatozoa on the ZP with normal morphology (mean 30, range 8-39%) was signifi¬ cantly increased. The percentage normal spermatozoon morphology (Fig. 2 Head dimensions of spermatozoa in the insemination medium and bound on the
The mean head dimensions of spermatozoa in the insemination medium and on the ZP were significantly different for most of the 14 subjects studied (Fig. 3) . Overall head width and area were significantly greater for spermatozoa bound to the ZP than for spermatozoa in the insemination medium and the ratio of head length to width was smaller (Table 4 ). The mean head length of spermatozoa bound to the ZP was not significantly different from that in the insemination medium. However, there appeared to be no consistent pattern and some patients had the opposite changes (Fig. 3 ). There were significant correlations between mean length (Spearman r = 0-873; < 001), width (Spearman r = 0-792; < 001), area (Spearman r = 0-619; < 005) and ratio (Spearman r = 0-958; < 0-001) for the heads of spermatozoa in the insemination medium and bound to the ZP from the same patients.
The 14 patients were selected according to the morphology of spermatozoa in the insemination medium. Numbers 1-7 had good morphology and 8-14 poor morphology (Fig. 3) . The head length was longer, width shorter and the ratio of length to width greater for spermatozoa in the insemi¬ nation medium and on the ZP in patients with poor morphology compared with those for patients Ratio (L/W) 3-9 (2-0-7-0) 2-2 (1-1-5-1) 8-6 (3-6-210) 1-8 (0-8-3-6) 3-8 (2-0-6-0) 2-4(1-1-4-3)* 91 (4-0-170)* 1-7 (0-8-4-6)* *P < 0001 (analysis of variance).
with good morphology. The head area of spermatozoa in the insemination medium was signifi¬ cantly larger in the poor morphology group than in the good morphology group. However, there was no significant difference in the head area of spermatozoa bound to the ZP between the two groups (Table 5) . Correlation between spermatozoon morphology and other variables and fertilization rates /// vitro There were strong relationships between fertilization rates and the proportions of both sperma¬ tozoa with normal morphology in the insemination medium ( Fig. 4a ; Spearman r = 0-566; < 0001) and on the ZP ( Fig. 4b ; Spearman r = 0-533; < 0001). The patients, in which <70% of spermatozoa bound to the ZP had normal morphology, had low (<50%) or zero fertilization rates (Fig. 4b ). These patients often had low numbers of spermatozoa bound to the ZP. The patient producing samples with the lowest percentage normal morphology on the ZP (7 of 81 (8%) spermatozoa bound to 3 zonae) had 5 of 11 oocytes fertilized and most of the abnormal spermatozoa on the ZP had pyriform heads (61 %, 50 of 81).
The rate of binding of spermatozoa with normal morphology to the ZP (Fig. 5 , r = 0-552; = 0001), and total rate of ZP binding of spermatozoa of all types (r = 0-642; < 0001) were highly significantly correlated with fertilization rates in vitro.
More zonae were examined in the subjects with low fertilization rates (r = -0-594; < 0001) and the mean number of spermatozoa per zona was directly related to the fertilization rates (r = 0-545; < 0001). The percentage motility (Spearman r = 0-286; < 005) and the ratio of head length to width of spermatozoa (Spearman r = -0-534; = 14; < 005) in the insemination medium were also significant. The fertilization rate was lower in couples with male-factor infertility (P < 001) and higher in those with tubai disease (P < 001). Logistic regression analysis showed that the rate of binding of normal spermatozoa to the ZP (regression coefficient, b = 0014; standard error (s.e.) 
Discussion
The present study shows that human zonae are highly selective for morphologically normal spermatozoa. Rates of binding were calculated in two ways. The first was based on the average number of spermatozoa of different morphological category counted on the zona and the concen¬ tration of the same forms in the insemination medium. The second was based on the calculated (Dadoune, 1988) . We have found that the proportion of spermatozoa with a normal intact acrosome was significantly related to the number of spermatozoa bound to the ZP of human oocytes and fertilization rates in patients producing samples with poor morphology Liu et al, 1989a,b) . A further study has shown that acrosome-reacted spermatozoa have either no or less ability to bind to the ZP than do acrosome-intact spermatozoa (Liu & Baker, 1990b) . Therefore, the shape of the acrosomal area is probably very important for binding to the zona. It is interesting that the abnormal forms with the highest zona binding rates, small oval and pyriform heads have acrosomal areas of similar shape to those of spermatozoa with normal morphology.
In vivo, spermatozoa with good morphology are partially selected by cervical mucus and other parts of female reproductive tract after semen is deposited into the vagina. However, this selection is limited and does not exclude all the abnormal forms, in particular spermatozoa with abnormal heads (Ahlgren et al, 1974; Mortimer et al, 1982) . In vitro, cervical mucus penetration tests show that some abnormal spermatozoa, such as those with small oval and pyriform heads, can penetrate the mucus as well as normal spermatozoa (Jeulin et al, 1985) . The morphology status of human spermatozoa at the fertilization sites in vivo is unclear. Under in-vitro fertilization conditions, spermatozoa are usually prepared by swim-up or other techniques. Although these techniques are mainly used to select spermatozoa with better motility, the percentage of spermatozoa of normal morphology is also improved (Pousette et al., 1986; Andolz et al, 1987; Le Lannou & Blanchard, 1988; Scott et al, 1989) . However, there are still many abnormal spermatozoa in the insemination medium, particularly in cases of male infertility with very poor spermatozoal morphology in the ejaculate ). The (Dadoune, 1988; Dadouneei«/., 1988) . Soupart & Strong (1974) and Sundstrom (1984) reported that only normal spermatozoa were found in the ZP by transmission and scanning electron microscopy, but they only examined a small number of oocytes. However, Sathananthan et al (1986) reported that abnormal spermatozoa or spermatozoa with immature nuclei were observed within the ZP. Studies with the zona-free hamster egg penetration test also suggest that morphologically abnormal spermatozoa do not have the same fertilizing ability as those with normal morphology (Rogers et al., 1983; Shalgi et al, 1985; Marsh et al, 1987) . There is a negative relationship between percentage abnormal morphology, particularly for pyriform-headed spermatozoa, and the ability to penetrate zona-free hamster eggs (Shalgi et al, 1985; Kruger et al, 1988b) .
In mice, abnormal spermatozoa bind to the ZP of oocytes at a frequency significantly lower than their presence in the insemination medium. However, when the percentage of abnormal spermatozoa was very high in the insemination medium, no significant difference existed between frequencies of abnormal spermatozoa bound to the ZP and in the insemination medium (Kot & Handel, 1987) . In the present study, using the conventional method for assessing spermatozoal morphology under 1000 magnification with oil immersion, we found that abnormal spermatozoa bind to the ZP at significantly lower rates than normal spermatozoa. We expected that the results of measurement of the head dimensions of spermatozoa would show a consistent pattern of changes towards a more uniform size on the ZP, but this was not so. Some subjects with spermatozoa with the most extreme average measurements in the insemination medium had more extreme values on the ZP. For example, samples with the longest average spermatozoon head length in the insemination medium had even longer average spermatozoon head length on the zona. However, overall the present study shows that length, ratio of length to width and area of the heads of spermatozoa in the insemination medium were larger in patients with samples with poor morphology than in those with good morphology. The average head width of spermatozoa in the insemination medium and bound to the ZP in the poor morphology group was smaller than in the good morphology group. These results indicate that spermatozoa in the insemination medium and bound to the ZP had longer and narrower heads in the poor morphology group than in the good morphology group. The width and area of the heads of spermatozoa bound to the ZP were significantly larger and the ratio of length to width was smaller than for spermato¬ zoa in the insemination medium. This suggests that spermatozoa bound to the ZP are more closely oval in shape. Further studies of objective morphology of spermatozoa on the zona should be useful in indicating the characteristics of spermatozoa with the best fertilizing potential.
The present study further confirms that the morphology of spermatozoa is strongly correlated with fertilization rates in vitro. Even if there was a high frequency of abnormal spermatozoa bound to the ZP in patients with spermatozoa with poor morphology in the insemination medium, there was usually very poor fertilization. However, as shown in previous studies, there are 
